As part of a Canada-wide study of women entering non-traditional trades [Women's Health in Apprenticeship Trades -Metalworkers and Electricians (WHAT-ME)], we examined spot urine samples from women welders in Alberta to determine whether urinary metal concentrations exceeded those of the general population, to compare levels to previously published urinary concentrations in male welders and to examine the relationship with welding tasks. Women mailed-in urine samples collected close to the time of completing a detailed exposure questionnaire, including welding tasks on their most recent day welding at work. Of 53 welders working in their trade, 45 had urinary creatinine >0.3-≤3.0 g l −1 and were included in analyses. Seven metals were examined for which both population and male welder urinary concentrations were available: cadmium, chromium, cobalt, copper, manganese, nickel, and zinc. Principal component analysis was used to extract three components from natural log transformed creatinine-corrected metal concentrations. Of the 45 women, 17 reported more than one main task. Overall two thirds worked in fabrication, a third on pipe welding, and smaller numbers on repair, in construction or other tasks: manual metal arc welding was reported by 62%, semi-automatic arc welding by 47%, and arc welding with a tungsten electrode by 15%. In multiple regression analyses, little relation was found between urinary metals and task or type of welding, except for cadmium where lower levels were seen in those reporting semi-automatic manual welding (after adjustment for age and smoking). The proportion of women welders exceeding the selected general population 95th percentile was high for manganese (96%) and chromium (29%). Urinary metal concentrations were similar to those reported for male welders with only manganese, with a geometric mean in women of 1.91 µg g −1 creatinine, and perhaps copper (11.8 µg g −1 creatinine), consistently lower in male welders. Although not evident from the task analysis reported here, differences in exposure by sex may be explained by type of welding or by other work practices. A closely comparable cohort of male welders would be necessary to examine this hypothesis more fully.
In trod uctIon In Canada, women are increasingly entering trades that have traditionally been pursued only by men. In 2011, there were >1000 women in Canada registered as welding apprentices, representing 6.0% of welding apprentices overall (Statistics Canada, 2013) . Though women are still a small minority, their representation has grown steadily since 1991 (the earliest year for which data are publically available) when women made up <1% of registered welding apprentices in the country (Statistics Canada, 2013) .
Welders are exposed to a number of potentially hazardous workplace agents of which the most relevant to the current report are inhaled metal fume and dust. Previous studies reporting on biomarkers of metal exposure in welding have focused almost exclusively on men (Mukherjee et al., 2004; Ellingsen et al., 2006; Scheepers et al., 2008; Weiss et al., 2013) . In those few studies in which women welders were included, the women were a minority and no stratified analyses were reported (Li et al., 2004) , or the occupational environment was atypical [e.g. jewelry welders (Trevisan et al., 1994) ].
Women differ from men in many ways that may be relevant to biomarker exposure assessment, including physiology (i.e. absorption, distribution, metabolism, and excretion of xenobiotics) and behavior (e.g. risk tolerance). A lack of research on exposures in women in welding and other non-traditional trades means that there is very little, if any, evidence of whether women in these trades have the same exposures as men or whether the health risks are the same (apart from possible effects on the fetus). The WHAT-ME study (Women's Health in Apprenticeship TradesMetalworkers and Electricians) was set up in Alberta in 2011 and has become a prospective cohort including every province and territory in Canada. During the first months of the study, we collected urine samples from women welders in Alberta to examine the feasibility of this approach for identifying tasks and practices that might be associated with risk to women and their unborn child. We wanted to know how metal concentrations among female welders compared with concentrations published for the general population and for male welders. For this, we concentrated on seven metals (cadmium, chromium, cobalt, copper, manganese, nickel, and zinc) for which we could find published data for both sets of comparisons (Verschoor et al., 1988; Paschal et al., 1998; Mukherjee et al., 2004; Ellingsen et al., 2006; Scheepers et al., 2008; Luo et al., 2009; Health Canada, 2010 ; US Centers for Disease Control and Prevention, 2013; Weiss et al., 2013) . We were conscious that American Conference of Governmental Industrial Hygienists (ACGIH) published urinary biological exposures indices (BEI) for only three of these (cadmium, chromium, and cobalt) (ACGIH, 2012) and that for the others urinary concentrations might, at best, be a useful indicator at the group level (Lauwerys and Hoet, 2001) . With these reservations in mind, we examined whether any welding task was associated with high concentrations of urinary metals to identify possible areas for intervention.
M ethods
The WHAT-ME study is a Canadian prospective cohort study of women who have been registered at some time since 2005 as an apprentice in Canada in one of the trades of interest: welder, boiler maker, steam fitter/ pipe fitter (all considered 'welding' trades), or electrician (residential, commercial, or industrial) . Women in these trades were identified through the provincial apprenticeship bodies, which sent eligible women recruitment packages on our behalf. After signing a written consent form, subjects completed a baseline questionnaire either by telephone or online. The baseline questionnaire included information on personal health history, previous pregnancies, and a complete job history. At 6-month intervals thereafter, participants completed a further questionnaire concentrating particularly on trade-specific exposures. Between October 2011 and September 2012, all Alberta participants completing their first (6 months) exposure questionnaire were asked to provide a urine sample. This was mailed to the University of Alberta for analysis. The WHAT-ME study protocol was reviewed and approved by the University of Alberta Research Ethics Board (REB).
Exposure
Very detailed information on welding is collected at each contact including type of welding and welding task. For each welding task, subjects are asked to recall all of the base metals, rods/wires, flux, shielding gas, and metal coatings involved. This information will be collected up to 10 times per subject and will be used in the final analysis of health effects in the complete cohort of 400 welders across Canada. For the current analysis of early recruits in a single province, only reported welding tasks and type of welding on the most recent day of welding are considered. Tasks included welding [shielded metal arc welding/manual metal arc welding (SMAW), gas metal arc welding/ metal inert gas/semi-automatic arc welding with gas shield (GMAW), gas tungsten arc welding/tungsten inert gas (GTAW), plasma arc welding (PAW), submerged arc welding (SAW), other welding types] as well as non-welding tasks (pipe welding, fabrication, repair, construction, mixed, other tasks).
Biological sample collection Following a previously piloted procedure (Cherry et al., 2011) , participants were mailed a urine collection kit which included a sterile sample collection vial and return packaging. Samples received at the University of Alberta were shaken vigorously and split into three equal samples. Samples were frozen in 15 ml polypropylene screw top vial (#60-732; Sarstedt Inc.) in a −80°C freezer prior to laboratory analysis. Samples were analyzed at the University of Alberta Hospital by ICP-MS (PerkinElmer NexION 300) for the seven metals discussed here: cadmium, chromium, cobalt, copper, manganese, nickel, and zinc. In addition, results were obtained for aluminum, antimony, arsenic, barium, beryllium, bismuth, mercury, lead, selenium, and thallium. Samples were analyzed for creatinine concentration by the Beckman Jaffe method. Samples with a creatinine concentration <0.30 or >3.0 µg l −1 were excluded based on World Health Organization (WHO) and ACGIH guidelines for valid urine samples (WHO, 1996; ACGIH, 2012) . Reference materials used for calibration of the ICP-MS were obtained from Ultra Scientific Analytical Solutions (Kingston, RI, USA). The laboratory performing the assay is the provincial centre for metals analysis of biological samples and participates in multiple external quality assurance schemes including those of the College of American Pathologists (CAP) and the Institut national de santé publique du Québec (INSPQ).
Statistical analysis
Urinary metal concentrations were corrected for creatinine concentration. The minimum detectable concentration noted on clinical reports was used as the limit of quantification (LOQ, µg l −1
). Values less than the LOQ were substituted prior to creatinine correction using the β-substitution method that estimates a substitution value based on the data above the LOQ (Ganser and Hewett, 2010) ). Arithmetic and geometric means, together with median and range, were computed for comparison with published sources.
A 95th percentile for the general population was estimated for the seven metals of interest using previously published literature from the Canadian and US populations (Paschal et al., 1998; Health Canada, 2010 ; US Centers for Disease Control and Prevention, 2013); preference was given to Canadian values where these were available. The percentage of subjects exceeding the population 95th percentile was calculated for comparison with the expected value of 5%. Urinary metal concentrations in male welders were extracted from six earlier publications for comparison with female results (Verschoor et al., 1988; Mukherjee et al., 2004; Ellingsen et al., 2006; Scheepers et al., 2008; Luo et al., 2009; Weiss et al., 2013) .
Self-reported tasks and types of welding on the last day welding at work were used in analysis as binary factors (reported: yes/no). Age at completing the exposure questionnaire and reported smoking habit at that time (ever/never smoker) were considered as potential confounders.
Principal component analysis (PCA) was used to reduce the number of dimensions of exposure to be considered. It allowed multiple correlated urinary metals to be incorporated into a smaller number of uncorrelated variables. Components with an eigenvalue >1 were retained. Multiple regression models were used to investigate the relation of welding tasks/types to natural log transformed, creatinine-corrected, concentrations. Confounders related (P < 0.05) to outcomes in bivariate analysis were included in the regression model for that outcome only. All statistical analyses were completed in SPSS (SPSS v. 20, Chicago, IL, USA) . r e sults A total of 132 of those registered as a welding apprentice were invited to supply a urine sample and 103 (78%) complied, sending back a sample by mail. Of these, 56 had been welding in the 6 months before completing their exposure questionnaire. Nine had a creatinine concentration outside of the recommended range (>0.3-≤3.0 g l −1
) and two, on closer inspection, had been registered as sheet metal, rather than welding, apprentices. The analyses reported here are thus based on 45 women: 44 welders and 1 steam fitter. Not all women recorded the date of sample collection. Where data were available, the mean time between completion of the exposure questionnaire and urine sample collection was 22 days. The mean interval between sample collection and receipt at the university after transport through the mail was 7 days. The median age of subjects at the time of completing the exposure questionnaire was 26.8 years (range: 17.3-52.1). Twenty-nine percent (13 women) were current smokers, 12 were ex-smokers.
Among the seven metals of interest, the number of samples with concentrations below the level of quantification ranged from 0 (manganese, zinc) to 17 (37.8%) for nickel (Table 1 ). Table 1 also shows arithmetic means and means of the natural log transformed values used in the principal component and regression analyses. A highly significant Pearson correlation between transformed values was seen for cobalt and nickel (r = 0.58; P < 0.001) and lower correlation was observed both for chromium and nickel (r = 0.35; P < 0.02) and chromium and cadmium (r = 0.29; P < 0.05). Manganese was weakly correlated with copper (r = 0.28; P = 0.06) and cobalt (r = 0.27; P = 0.08). In this study group, zinc was unrelated to any of the other metals.
These correlations are reflected in the PCA (Table 2 ). The first component is most heavily weighted with nickel and cobalt with only a small contribution from zinc. The second contrasts manganese and cobalt with zinc and the third copper and manganese with nickel and cobalt.
Tasks and types of welding are shown in Table 3 . Multiple tasks and multiple types of welding were commonly reported for the last day at work: 17 (38%) women reported more than one task and 15 (33%) more than one type of welding. The most common task was fabrication, reported by 29 (64%) women, but more than half of these reported also some other task. SMAW was the most common form of welding, reported by 28 (62%) women, with nearly 40% (11 women) also reporting other types of welding on the last day of welding. The mean component scores for the six tasks and five types of welding did not show any significant differences despite large number of comparisons made (results not shown).
To account for multiple tasks and types of welding reported by the same woman and to explore effects on individual urinary contaminants, a series of multiple regression analyses were carried out with natural log transformed concentrations as the dependent variables. Potential confounders included smoking and age. These were found to be related only to urinary cadmium concentration, with arithmetic means of 0.35 µg g −1 creatinine in those who had ever smoked and 0.19 µg g −1 creatinine in those who had not (P < 0.01). The Pearson correlation between age and cadmium concentration was 0.40 (P < 0.01). The standardized regression coefficients (adjusted for Table 2 , available at Annals of Occupational Hygiene online) which had a significant negative coefficient for GMAW (β = −0.51; 95% CI: −1.09 to −0.17: P < 0.01) after adjustment for smoking and age. The nine women reporting repair work had an arithmetic mean for chromium of 1.3 µg g −1 creatinine compared with 0.56 µg g −1 creatinine for those who did not report this task. The 22 women reporting GMAW had an arithmetic mean for cadmium of 0.20 µg g −1 creatinine; the mean for cadmium was 0.36 µg g −1 creatinine for the 23 who did not report GMAW.
The final step of the analysis was to compare distributions of urinary concentrations with those published elsewhere. Table 4 examines the proportion of women welders in which the concentration exceeds 95th percentiles reported in the general population. The proportions for manganese and chromium clearly exceed the expected 5% with almost all welders (96%) exceeding the 95th percentile for manganese. Less than 5% of women exceeded the 95th percentiles for copper, nickel, and zinc; no welders exceeded the 95th percentiles for either cadmium or cobalt. The data available on male welders were limited for copper (Table 5) , with concentrations available for a sample of 20 boiler makers (Mukherjee et al., 2004) and 68 spot and arc welders (Luo et al., 2009) . The geometric mean in the women welders (10.96 µg g −1 creatinine) was three times that of the boiler makers (3.94 µg g −1 creatinine) and the highest value (158 µg g −1 creatinine) greatly exceeding the range in the male welders (Mukherjee et al., 2004; Luo et al., 2009) . For cadmium, chromium, cobalt, and zinc, the women's concentrations were rather similar to those for the men, but for nickel, the geometric mean (0.54 µg g −1 creatinine) was very much lower than that reported for a mixed group of male welders in Russia (Ellingsen et al., 2006) and for the boiler makers (Mukherjee et al., 2004) . The highest female nickel concentration (5.74 µg g −1 creatinine) was far below that of the Chinese male welders (Luo The geometric mean for manganese in the female welders was, in contrast, higher by a factor of 10 for the Russian welders and 2-fold for the boilermakers (Mukherjee et al., 2004; Ellingsen et al., 2006) . The highest recorded value (11.33 µg g −1 creatinine) for women was appreciably higher than that recorded for the Russian welders (Ellingsen et al., 2006) .
dIscuss Ion
The analysis of metal concentrations in urine samples from female welders was instructive in that it demonstrated that these women were more exposed, at least to manganese and chromium, than the general population and suggested that exposure to manganese, as reflected in urine concentrations, might be higher in female than male welders. Although there is, as yet, no evidence of reproductive effects resulting from manganese exposure in female workers, high levels of manganese from drinking water were associated with infant death in one study (Hafeman et al., 2007) but not in a second (Cherry et al., 2010) . Evidence of neurotoxicity in the worker is reflected in the new ACGIH threshold limit value for manganese, including that in welding fume (ACGIH, 2013) . As such, any suggestion of high exposures in women welders justifies further investigation to identify preventive measures. However, the limitations of the study described here are appreciable and would not all be avoided by simply increasing the sample size.
First, given the wide distribution of workers even within a single province (Alberta, Canada) and the resulting practical difficulties of monitoring breathing zone concentrations, there is little alternative to using urine samples as a biomarker reflection of dose. Pilot work suggested that mailing of urine samples did not affect concentrations (Cherry et al., 2011) . Of the seven metals considered, only three, cadmium, chromium, and cobalt, have ACGIH BEI, all specified for measurement in urine at the end of the shift at end of work week. The biological assessment values published for workers in Germany suggest that nickel may also be assessed from urine samples collected after several exposed shifts but, as a carcinogen, no guideline concentration is suggested (Commission for the Investigation of Health Hazards of Chemical Compounds in the Work Area, 2013). Lauwerys and Hoet (2001) consider that urine may be the appropriate medium for biomonitoring of zinc but that there is insufficient data to suggest whether urine (or blood) (Paschal et al., 1998) . Only values where no significant difference between sexes was found were considered. Men 1: 53 welders Netherlands (Scheepers et al., 2008) .
Men 2: 241 welders Germany (Weiss et al., 2013) .
Men 3: 45 stainless steel workers Netherlands (Verschoor et al., 1988) .
Men 4: 96 welders Russia (Ellingsen et al., 2006) .
Men 5: 20 boilermakers USA (Mukherjee et al., 2004) .
Men 6: 68 full time welders China (Luo et al., 2009). might be appropriate for biological monitoring of copper. Manganese is mainly eliminated in feces with only ~1% of the absorbed dose excreted in urine, but the portion in urine has some correlation with air concentration (Lauwerys and Hoet, 2001) . None of the samples we received approached the BEI for cadmium, chromium, or cobalt. We do not know exactly when the samples were collected in relation to the work week but, with the pattern of work for many welders in Alberta including long spells in work camps in the oil fields, we suspect that the questionnaires may have been completed, and urine samples collected, during breaks of several days away from work. A further study of this group would be improved by more precisely collecting information about timing of sample collection, encouraging end of work week sampling, or collecting repeated urine samples on individuals as suggested recently by Baker et al. (2014) . Second, although we chose to ask the welders about a specific day at work (the most recent on which they welded), this day may have been atypical. We know also that sometimes many days elapsed between describing that work day and collecting the sample. While this would be unimportant if every work day were very similar, that is unlikely to be the case for many of these women working in, for example, oil and gas extraction. This limitation would be lessened if women were to be persuaded to collect the sample immediately on completing the questionnaire; collection in real time (while the interviewer or website paused) might theoretically be ideal but would not be practical. Third, although very detailed information was collected about each welding activity and materials used, including duration, ventilation, and use of personal protective equipment, only binary variables on the basic tasks/welding types have been used in this analysis. The metal exposure of welders is likely to be largely affected by the metal content of the consumable (welding rod or wire) being used and the base metal being welded and this will be addressed in further analyses including more welders. Finally, we compared urine concentrations in women with those of men whose welding jobs may have been very different, for geographic or cultural reasons. Recognizing this, we are initiating a cohort of male welders within the same province, WHAT-MEN, in part to collect urine samples from larger and more comparable groups of male and female welders, with metal concentrations quantified in the same laboratory for both groups.
The analysis of metals, either individually or through component scores, very largely failed to identify tasks or welding types associated with high exposures. Review of the literature found rather few studies in which urine concentrations correlated with differences in task or work practices. An early paper by Stridsklev et al. (1993) showed higher urinary levels of chromium and nickel in stainless steel welders using SMAW who did not wear respiratory protection (Stridsklev et al., 1993) . A later paper by this group concludes that levels of chromium and nickel were lower in GTAW welders than SMAW (Stridsklev et al., 2004) . In the WELDOX study, urinary chromium was highest with SMAW and blood manganese lower for GTAW than for flux-cored arc welding (Pesch et al., 2012) . With repeated exposures, however, little cross-shift change in urinary concentrations may be observed for any of these metals, suggesting that changes in work patterns may not be readily detected (Botta et al., 2006) . It is perhaps not surprising, given the mix of tasks and welding types reported in the present study, and the possibility of intervening exposures between task reporting and urine collection, that no clear pattern was seen.
The use of component scores, as adopted here, is particularly valuable when many highly correlated determinants are each significantly related to a dependent variable, and when specific tasks have 'signature' patterns of exposure (Meijster et al., 2004; Schilmann et al., 2010) . Although theoretically promising, the fact that none of the urinary concentrations was strongly related to task meant that the extraction of components was less likely to provide useful insights. This is the first study to report on the urinary metal concentrations in a population of exclusively female welders. Although the results may, for some metals, represent little more than background variation without clear relationship to welding, for certain metals, specifically manganese and chromium, urinary concentrations were elevated, almost certainly reflecting work in this trade. The higher manganese concentrations in female than male welders may, in part, reflect the lower iron found in women of childbearing age, reflecting blood loss through menstruation. Finley et al. (1994) observed that manganese levels were higher among women than men, and subsequently (Finley, 1999) demonstrated that manganese absorption from food was significantly increased among women with low levels of serum ferritin. However, this relationship has not been demonstrated in relation to inhalation or skin exposure, routes we expect to be more important in the occupational setting. Iron status was not measured in the current study.
The existence and continued funding of the WHAT-ME cohort and the associated WHAT-MEN study (now underway) provide a unique opportunity to examine more closely the welding tasks and materials associated with ill-health and reproductive outcomes in female (and male) welders, in addition to the ongoing urinary biomonitoring of metal exposures. As the demographics of the workforce change, it is important to consider whether sex differences in exposure, dose, or response exist, and what (if any) impact these differences may have on the hazards and associated risk faced by workers.
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